Lipopolysaccharides from three gram-negative bacteria isolated from bale cotton and piggery air were analyzed for their chemical composition, and their pulmonary toxicity for guinea pigs, lethal toxicity for mice, and pyrogenicity for rabbits were measured. Lipopolysaccharides from Enterobacter agglomerans and Citrobacter freundii had closely related chemical compositions; both were pyrogenic for rabbits and caused a dose-dependent influx of polymorphonuclear leukocytes into the airways of guinea pigs. The lethal toxicities of these lipopolysaccharides in mice were comparable to that of Salmonella typhimurium lipopolysaccharide, which was used as a reference. Lipopolysaccharide from Agrobacterium sp. was chemically different from those of E. agglomerans and C. freundii, did not induce any influx of polymorphonuclear leukocytes, and was only weakly toxic or pyrogenic. The low biological activity of the agrobacterial lipopolysaccharide may be due to its different chemical composition.
A variety of plant materials such as cotton and flax are frequently heavily contaminated with gram-negative bacteria (17, 18) . A causal relationship has been suggested to exist between pulmonary symptoms in cotton workers and the presence of airborne gram-negative bacteria and their membrane lipopolysaccharides (LPS; endotoxin) (2, 15) . Other less clearly defined respiratory disorders, such as bath fever (13) , humidifier fever (16) , and pulmonary symptoms among workers in swine confinement buildings (4, 21) , are also associated with the inhalation of endotoxin-containing aerosols.
In guinea pigs, experimental exposure to aerosols made of cotton dust induces an increase in the number of polymorphonuclear leukocytes (PMN) in the airways, the extent of this reaction being dependent on the number of gram-negative bacteria and their endotoxins in the dust (18) . We have used this reaction as an index of acute inflammation in the airways.
Continuing from the observation that the inhalation of aerosols containing pure cultures of Enterobacter spp., Klebsiella oxytoca, and Pseudomonas syringae led to the migration of PMN into the airways of guinea pigs (17) , we showed that this effect was dependent on the LPS of these bacteria (10) . In this study we have investigated the dose-response relationship for the PMN influx caused by LPS of some gramnegative bacteria. We have included Agrobacterium sp. LPS, which, in contrast to endotoxins from several other bacterial species, was inactive in our previous experiments (10) . Guinea pigs were exposed to aerosols containing the LPS at various concentrations, and the numbers of different free lung cells were determined 24 h after the exposure. We also measured the lethal toxicity of the LPS in mice and pyrogenicity in rabbits (11) . The chemical compositions of the LPS were determined, and the correlation of the differences in chemical composition with the biological activities are discussed.
MATERIALS AND METHODS
Organisms and cultivation. Agrobacterium sp. and Enterobacter agglomerans EF9909 (a new isolate) were isolated from bale cotton by techniques described previously (10) , and Citrobacter freundii was isolated from an air sample collected in a piggery. C. freundii and E. agglomerans were grown at 37°C on nutrient agar (Oxoid no. 2). Agrobacterium sp. was grown at 28°C on agar containing, per liter of medium (pH 7.0): 10 g of glucose, 10 g of yeast extract, 1 g of (NH4)2SO4, and 250 mg of KH2PO4. Cells were harvested, washed sequentially with water, 95% ethanol, acetone, and redistilled diethyl ether, and finally dried in a vacuum desiccator.
LPS. The hot phenol-water procedure of Westphal and Jann (22) was applied to extract the LPS. The aqueous phases were collected and extensively dialyzed against distilled water. To remove contaminating RNA, the dialyzed extracts were treated with RNase (50 p,g ml-1; Worthington Diagnostics, Freehold, N.J. (22) and the phenol-chloroform-petroleum ether (PCP) method (8) . Dried cells were first extracted with 45% phenol at 65°C. The aqueous phase was collected, dialyzed against tap water for 2 days, and freeze-dried. This crude extract was then reextracted by using the PCP method and purified as described in reference 8. The LPS preparations obtained by these methods were found to contain less than 3% (wt/wt) nucleic acids and less than 1% (wt/wt) protein.
Phenol-water-prepared LPS of Salmonella typhimurium SL696 was obtained from P. H. Makela, Central Public Health Laboratory, Helsinki, Finland. S. typhimurium SL696 is a smooth LT2 strain (25) .
Escherichia coli 026:B6 was obtained from Difco Laboratories, Detroit, Mich., and used without further purification.
Chemical analysis. The various LPS were analyzed for sugar content by the phenol-H2SO4 method (5), for heptoses by the cysteine-hydrochloride reagent (3), using D-mannoheptulose (Sigma Chemical Co., St. Louis, Mo.) as the standard, and for 1-carboxy-2-keto-3-deoxy-D-manno-octulosonic acid by the thiobarbituric acid method (14) . Phosphorus was determined by the method of Bartlett et al. (1), and protein was determined by the modified Lowry method (12), using bovine serum albumin as the standard. Hexosamines were determined according to Strominger et al. (20) after hydrolysis in 4 M HCl (12 h, 100°C).
Qualitative analysis of sugar was performed by thinlayer chromatography after hydrolysis of LPS (4 M HCl, 4 h, 100°C), as described previously (19) .
For fatty acid analyses, LPS samples were methanolyzed in 2 ml of acidic methanol (methanol-concentrated sulfuric acid, 96:4 [vol/vol]) for 7 h at 70°C. The solution was converted into a two-phase system by adding chloroform (4 ml) and water (1.5 ml). The chloroform phase was uncovered and washed twice with a solution of chloroform, methanol, and water (volume ratio, 3:48:47). Chloroform was then evaporated under a stream of nitrogen, and the remaining fatty acid esters were dissolved in n-hexane. For quantitative analyses, n-heptadecanoic acid (Applied Science Laboratories, State College, Pa.) was added to the samples before methanolysis. The esters were separated in a Fractovap 2150 gas-liquid chromatograph (Carlo Erba Strumentazione, Milan, Italy) equipped with a 40-m FFAP glass capillary column operating at 170°C. The fatty acid contents of the LPS were estimated from peak areas.
Assays for biological activity. The ability of the LPS to induce PMN migration into the airways was measured by exposing guinea pigs for 40 min to aerosols created from suspensions of the various LPS at concentrations of 5 to 75 ,ug ml-1. The free lung cells were collected by lung lavage 24 h after the aerosol exposure, and the numbers of different cell types in the washout fluid were determined (10) .
Measurements of the lethal toxicity of the LPS were performed with specific-pathogen-free NMRI mice. Females aged 7 weeks and weighing 22 to 25 g were used. LPS were dissolved in sterile saline and sonicated for 3 min, and serial dilutions were made in saline.
Groups of six mice each were inoculated intravenously with 0.2 ml of the dilutions, and deaths were recorded daily. All deaths occurred within 3 days from the injection. Values for 50%o lethal doses were calculated from mortalities by the maximum-likelihood method, as described by Finney (6) . Statistical significance was calculated by forming 2 x 2 tables from original data for different dose levels. The tables were tested for homogeneity, using an ordinary chi-square test.
In the pyrogenicity measurements female New Zealand White rabbits (2.5 to 5 kg) were used. The Limulus assay (23) was used to determine suitable doses for the pyrogenicity measurements. The LPS were dissolved in isotonic pyrogen-free saline to give the indicated concentrations, and groups of three animals each were injected intravenously with 10 ml of the solutions per kg of body weight. Body temperatures were recorded for 3 h, and the maximum rises for the group were added together.
RESULTS
Chemical composition of the LPS. The overall compositions (Table 1) show that the agrobacterial LPS was different from the two others in that it was devoid of heptose and contained more carbohydrate and less 1-carboxy-2-keto-3-deoxy-D-manno-octulosonic acid than the C. freundii and E. agglomerans LPS. The latter LPS were similar in overall chemical (Table 1) and fatty acid (Table 2) compositions. Major differences were also found in the fatty acid pattern of Agrobacterium sp. LPS compared with those of the enterobacterial LPS. The agrobacterial LPS was devoid of non-hydroxylated fatty acids of 12 to 16 carbon atoms found in both enterobacterial LPS ( Table 2 ). The major fatty acid components in all three LPS were 3-hydroxy acids; in the agrobacterial LPS, the 3-hydroxy fatty acids were the only fatty acids detected. The total contents of fatty acids (by weight) were 9.4% in the Agrobacterium sp. LPS, 11.4% in the E. agglomerans LPS, and 17.8% in the C. freundii LPS.
The chemical composition of the agrobacterial LPS prepared by the combined phenol-water-PCP extraction (PCP-LPS) was similar to that prepared by the phenol-water method only (phenol-water LPS).
Pulmonary toxicity of the LPS. The numbers of free lung cells in animals exposed to aerosols of the various LPS are presented in Table 3 . Exposure to all LPS except Agrobacterium phenolwater LPS caused a marked increase in the number of macrophages. The increase after exposure to Agrobacterium PCP-LPS at 75 ,ug ml-' was equivalent to that caused by the other kinds of LPS at a concentration of 5 ,ug ml-1. All LPS tested caused an increase in the number of lymphocytes and eosinophils, but this effect was not dose dependent. The number of neutrophils increased markedly in animals exposed to aero- sols containing LPS from C. freundii, E. agglomerans, and E. coli (a reference endotoxin). The number of neutrophils also increased after exposure to Agrobacterium phenol-water LPS and PCP-LPS at 75 ,ug ml-1, but this increase was smaller than that found after exposure to the other LPS at 5 ,ug ml-'. The increase in the number of neutrophils was dose dependent for LPS from C. freundii, E. agglomerans, and E. coli (Fig. 1 ).
Lethal toxicity of the LPS in mice. The lethal toxicity in mice of LPS from C. freundii and E. agglomerans was in the same range as that of S. typhimurium SL696 LPS, which was used as a reference (Table 4 ). The agrobacterial LPS was less toxic than the three other LPS. This difference was significant (P < 0.005) compared with E. agglomerans LPS and highly significant (P < 0.001) compared with LPS from C. freundii and S. typhimurium SL696. The theoretically calculated 50% lethal dose values, expressed as nanomoles of lipid A, differed from each other less than 50% lethal dose values expressed as micrograms of LPS preparation. Pyrogenicity of the LPS in rabbits. All three LPS induced a rise in the body temperature in rabbits (Table 5 ). E. agglomerans LPS was the most active pyrogen of the preparations tested, whereas Agrobacterium sp. LPS was only slightly pyrogenic. C. freundii LPS was pyrogenic, but clearly less so than E. agglomerans LPS. DISCUSSION The results presented show that differences in the acute pulmonary toxicity of LPS can be related to LPS chemical composition. The two chemically similar LPS (C. freundii and E. agglomerans) caused a similar dose-dependent migration of PMN into the airways of guinea pigs, whereas the chemically different agrobacterial LPS was inactive even at a high dose level. E. coli LPS, which in respect to lipid A and core oligosaccharide is chemically closely related to other enterobacterial LPS (24), induced a PMN migration similar to that induced by LPS from C. freundii and E. agglomerans.
The findings suggest that lack of pulmonary toxicity is an inherent property of the agrobacterial LPS. A possible blocking of the toxic effects by impurities is not likely in view of the low content of protein and nucleic acid in the preparations tested.
In contrast to the lack of PMN-mobilizing capacity, the agrobacterial LPS was lethally toxic and pyrogenic. Each of these endotoxic effects was, however, distinctly weaker than those caused by LPS of C. freundii and E. agglomerans.
The agrobacterial LPS was different in many respects from the LPS of C. freundii and E. agglomerans. Both qualitative and quantitative differences were found. In contrast to the typical fatty acid pattern of the enterobacterial LPS (3-hydroxymyristic acid accompanied by lauric, myristic, and palmitic acids), the fatty acids of Agrobacterium sp. LPS were comprised solely of two 3-hydroxy fatty acids. In addition, the agrobacterial LPS was devoid of heptose and contained relatively little 1-carboxy-2-keto-3-deoxy-D-manno-octulosonic acid. These chemical characteristics may be related to the low endotoxic activity of Agrobacterium sp. LPS, although at present no single feature can be (11, 24) . Assuming that 6 mol of fatty acid corresponds to 1 mol of lipid A (11), the C. freundii LPS contained twice as much lipid A as did the Agrobacterium sp. LPS and one-third more that the E. agglomerans LPS. The low pyrogenicity and lethal toxicity of the agrobactenal LPS may be due partly to its relatively low lipid A content. The complete inability of the agrobacterial LPS to induce PMN migration into the airways is less likely to be explained by the lower lipid A content compared with the enterobacterial LPS. The capacity of an LPS to induce PMN migration into the airways thus seems to be a biological phenomenon separate from pyrogenicity and lethal toxicity. An analogous case has been reported for Rhodospirillum tenue LPS, in which pyrogenicity and lethal toxicity were shown to be intrinsically noncoupled (9). The neutrophil-mobilizing capacity of LPS could be tied to ability of LPS to activate complement or to an activation of macrophages (7) . Further experiments are currently being carried out in our laboratory to investigate the mechanism of PMN migration into the airways.
